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Recently micro shock tubes have been widely used in many engineering and industrial fields, but the characteris-

tics of unsteady flow are not well known to date in micro shock tubes. Compared to conventional shock tubes 

with macro scales, flows related to shock waves in micro shock tubes are highly complicated. Stronger viscous 

and dissipative interactions make shock wave dynamic behaviors significantly different from theoretical predic-

tions. In the present study, a CFD work was applied to the unsteady compressible Navier-Stokes equations which 

were solved using a fully implicit finite volume scheme. The diaphragm pressure ratio and shock tube diameter 

were varied to investigate their effects on micro shock tube flows. Different wall boundary conditions were also 

performed to observe shock wave and contact surface propagation with no slip and slip walls. Detailed flow cha-

racteristics at the foot of shock wave and contact surface propagation were known from the present numerical si-

mulations.   
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Introduction 

In the past decades, micro shock tubes have been 
widely used in various engineering applications, such as 
micro turbines, micro combustions, and needle-free deli-
very devices. Micro shock tubes consist of the driver 
section and driven section which are separated by a di-
aphragm. After the diaphragm is ruptured due to the 
pressure difference between driver section and driven 
section, the shock wave happens and the flow behind the 
shock wave is induced to move by the shock wave prop-
agation. The shock wave and contact surface move to-
wards the driven section and the expansion wave moves 
into the driver section. Shock flows demand further con-
sideration of dissipative effects which are usually absent 
in macro shock tube flows. 

   Due to the low pressure and micro scale in micro 

shock tube, viscous and rarefaction effects are much 
more prominent. This makes simulated and experimental 
results of the shock wave propagation and flow characte-
ristics more deviation from theoretical analysis. Com-
pared to the traditional shock tubes, the thicker boundary 
layer leads to more attenuation in shock wave and flow 
motion in micro shock tube, but the contact surface is 
accelerated due to the boundary layer formation. Heat 
conduction phenomena commonly ignored in conven-
tional shock tubes, play an important role in the micro 
shock tubes, and viscous stresses attenuate both velocity 
of the flow and shock wave propagation, which makes 
experimental study difficult to perform compared to nu-
merical analysis. Even though micro shock tubes have 
investigated for a long time, there are still some unex-
plored and unexplained effects on shock wave attenua-
tion to date. 
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Nomenclature   

P Static pressure (atm) γ Specific heat ratio 

Pr Pressure ratio ρ Density (kg/m3) 

T Total temperature (K) δ Boundary layer thickness (mm) 

a Speed of sound (m/s) λ Molecular mean free path 

L Distance between shock wave and contact surface (mm) σ L-J characteristics length of gas molecules

M Mach number  Subscripts 

u Velocity (m/s) 1 Driven section 

t Time (ms) 4 Driver section 

x Axial coordinate w wall 

µ Dynamic viscosity (Pa·s) g gas 

D Shock tube diameter (mm) c cell center  

 
Duff R. E.[1] studied the viscous loss associated with 

the boundary layer growth in shock wave propagation in 
his experimental study. An electron beam densitometer 
was used for observing shock velocity attenuation at low 
pressures in shock tubes. The initial pressure ratio was 
also observed to influence the shock strength. Brouillette 
M.[2] investigated unsteady micro scale compressible 
flows experimentally. He introduced a control volume 
model and proposed a scaling parameter S that indicates 
effects of the scale. Diffusive effects of the friction and 
heat conduction were studied at low S values in micro 
shock tubes. Results showed that the model predicted the 
shock wave at small scale to experience much loss in 
strength. In addition, experimental results had quantita-
tive agreement with the theoretical conclusion from the 
proposed model at low driven pressures in micro shock 
tubes.  

Mirels H.[3] introduced an analytical method to eva-
luate boundary layer influence on shock wave propaga-
tion. It was assumed that the shock wave moves with 
uniform velocity, and the flow was investigated in a 
shock fixed coordinate system. Sturtevant B.[4] and Koh-
suke Tanaki[5] et al investigated the influence of boundary 
layer on the shock wave propagation at different boun-
dary conditions. Good agreement was observed between 
simulations and theoretical results for the laminar portion 
of the boundary layer. Ngomo D.[6] studied the wall fric-
tion and heat transfer effects on the shock wave propaga-
tion in a micro shock tube. They found that diffusive 
shear stresses and energy losses near the wall signifi-
cantly led to shock wave attenuation. 

Sun M.[7] et al performed numerical and experimental 
studies on shock wave propagation in narrow channels 
with height ranging from 1mm to 16mm. The channel 
flow was visualized by using “double exposure holo-
graphic interferometry” technique, and pressure trans-
ducers were used for recording pressure changes at dif-
ferent locations. Experimental results had a good agree-
ment with numerical results. Xiao Hu[8] et al conducted 

an experimental study on the shock wave attenuation 
compared to the theoretical results. The decrease in shock 
wave velocity was performed at different low Reynolds 
numbers. Results showed that the viscosity of the flow 
dominated the shock wave attenuation as the shock wave 
propagated in the overlong channel. Bhasakaran K. A.[9] 
used chemical kinetics and high temperature gas flow to 
study flows in shock tubes. 

Zeitoun D. E. et al[10-11] studied the application of un-
steady Navier-Stokes equations coupled with the velocity 
slip and temperature jump boundary conditions to micro 
shock tube flows. A strong decrease in the shock strength 
and the flow velocity along the micro shock tube was 
observed by them. The decay of shock wave strength was 
much stronger at lower initial pressure and small tube 
diameter. Based on the Knudsen number, which indicates 
the rarefaction effect, Arun K.R. et al[12-13] performed 
computational studies to investigate the shock wave pro-
pagation under different pressure ratios, shock tube di-
ameters with slip condition and no slip wall boundary 
conditions. The results indicated shock wave propagation 
is attenuated by viscous boundary layer formation, and 
the decay of the shock wave increase drastically with 
reduction in diameter. Park J. O et al[14] performed an ex-
perimental study to investigate shock wave propagation 
and shock wave attenuation. Results indicated shock wave 
attenuation happened much more in the micro shock tube 
of smaller scale. 

This paper mainly focuses on observing shock wave, 
contact surface propagation and on giving an indepth 
analysis for shock wave attenuation at different condi-
tions. In the present study, numerical investigations were 
carried out in micro shock tube models. Effects of dif-
ferent diaphragm pressure ratios were investigated for 
constant atmosphere pressure in the driver section. Ef-
fects of the shock tube diameter on shock wave and con-
tact surface propagation were also investigated. Different 
wall boundary conditions of no slip and slip walls were 
used to observe unsteady flow characteristics. The scal-
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ing parameter S indicating effects of the scale were cal-
culated.  

Theoretical analysis 

Shock tube theory  

Shock wave and contact surface are induced by the 
ruptured diaphragm. The shock wave and contact surface 
move towards the driven section with Mach number MS 
and MC. In an ideal shock tube at fixed initial conditions 
both in driver and driven sections, MS and MC can be 
calculated as: 
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Shock wave Mach number and contact surface Mach 
number keep constant in micro shock tube as all boun-
dary conditions are fixed. MS and MC increase with the 
increase of the diaphragm pressure ratio. However, due to 
the attenuation happens in the real shock tube flow re-
sulting from viscous and rarefaction effects, shock wave 
and contact surface Mach number always show differ-
ence from the theoretical solutions. Shock wave Mach 
number gradually decreases, but contact surface Mach 
number gradually increases. The formation and devel-
opment of the boundary layer behind the shock wave is 
the main reason for this. 

Scaling parameter S 

Diffusive transport phenomena, such as the heat con-
duction and shear stresses, make remarkable deviation in 
flow characteristics compared to ideal shock wave beha-
viors in a micro shock tube as demonstrated by Brouil-
lette[2]. A control volume obtaining from the region be-
tween the shock wave and contact surface was proposed 
to quantify effects of the scale and diffusive transport 
phenomena on shock wave propagation as is shown in 
Fig. 1. SW, CS and EH respectively represent shock 
wave, contact surface and expansion head. The friction 
and heat transfer to side walls are described by appropri-
ate source terms through this control volume approach. 
As the shock wave and contact surface propagate in the 
driven section, the length of control volume becomes 
larger due to velocity difference between the shock ve-
locity and contact surface velocity. Based on the control 

volume, the scaling parameter S indicating effects of the 
scale was used in Eq. (3). 
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Reynolds number and the distance L are two important 
variable to calculate S. It should be noted that Re=   
u2ρ2D/µ2. The velocity, density and dynamic viscosity of 
the flow are obtained from the region between the shock 
wave and contact surface. Indeed, effects of the scale are 
investigated by calculating Reynolds number and the 
distance L of the control volume. Effects of the scale 
enhance with the increase of Reynolds number and the 
decrease of the distance L. Eq. (3) indicates that a smaller 
S value will have more obvious effects on calculating 
density ratio between the front and back of the shock 
wave. Lower Reynolds number and larger distance L will 
contribute to smaller S values. If S becomes infinite, ef-
fects of the scale can be ignored. This happens in shock 
tubes with large diameters and high Reynolds numbers. 

 

 
 

Fig. 1  Control volume used in the study of diffusive effects in 
the micro shock tube 

 

 
 

Fig. 2  Partial pressure distributions along the axis at t=0.12 
ms (D=3 mm, Pr=10) 

Pressure gradient 

As the shock wave moves in micro shock tube, the 
pressure gradient of the flow in front of and after the 
shock wave changes. The pressure gradient is related to 
the pressure difference in front of and after the shock 
wave and the distance across shock wave as is shown in 
Fig. 2. The pressure gradient can be calculated by the 
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following Eq. (5). 
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Non-dimensional pressure gradient can be expressed 
as:  

2 1

1 2 1 1

X XP PP D D
C

X P X X P


   
 

        (6) 

Where |PX2 - PX1| represents the pressure difference 
across the shock wave. |X2 – X1| is the distance of pres-
sure change across the shock wave. 

Slip wall boundary conditions 

The slip wall boundary condition was performed at 
low pressure by using Maxwell’s slip velocity and tem-
perature jump equations, as is shown below[15].  
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Where av and aT are the momentum and thermal ac-
commodation coefficients respectively. User defined 
functions were written to indicate the wall shear stress 
responsible for the slip velocity jump by Eq. (7) and 
temperature jump by Eq. (8). 

Computational study 

Computational domain 

Unsteady flows were simulated with the driver section 
and driven section filled in with ideal gas at different 
initial conditions in micro shock tube models. For the 
present study, a 2D axisymmetric micro shock tube mod-
el was numerically simulated as is shown in Fig. 3. All 
sections are circular in cross-section with same diameter. 
The driver section is 100mm long and the driven section 
has a length of 200 mm. Five points are mounted at the 
axis of the simulated shock tube model to record the 
pressure changes. 

 

 
 

Fig. 3  Schematic of computational domain 

Numerical schemes  

Fine structured quad grids were created with boundary 

layers near walls in all simulation regions. Fine boundary 
layer grids were required to exactly investigate boundary 
layer effects on shock wave attenuation. The driver sec-
tion and driven section were filled with air assumed as 
ideal gas. The flow properties were mathematically ana-
lyzed by solving unsteady Reynolds Averaged Navier-   
Stokes equations. SST k-ω model was chosen for the 
turbulence model and Sutherland viscosity model show-
ing variable viscosity with temperature change was used 
as viscosity model. AUSM scheme was used as the flux 
model and the second order implicit scheme was used for 
temporal discretization. Spatial discretization was de-
scribed by using second order upwind scheme. The driver 
and driven sections were patched with their correspond-
ing initial pressures. 

Boundary conditions 

Effects of the diaphragm pressure ratio and shock tube 
diameter were studied at different initial pressures in dri-
ven section and shock tube diameters. Different wall 
boundary conditions were also performed. Both sections 
were initialized with the constant total temperature of 
300K. The details are given in Table 1 and Table 2. 

Commercial solver, Fluent, was used for the simula-
tion of the present micro shock tube models. The mesh 
size for simulated model was 163,000 and the minimum 
cell led to the iteration time step size of 10-8 s. The driver 
section was filled with high pressure ideal gas of atmos-
pheric pressure. Different low pressures were specified in 
the driven section. 

The diaphragm boundary condition was wall at the 
beginning. The wall was instantaneously changed to be 
interior, which was regarded as that the diaphragm was 
suddenly ruptured. Before the diaphragm was ruptured, 
in order to check the initializations and boundary condi-
tions, the simulation was performed in some time. After 
this, the diaphragm was suddenly ruptured. The tube 
walls were assumed to be adiabatic walls with a constant 
temperature of 300K. 
 
Table 1  Detailed parameters for different driven pressure 

Cases P4/P1 P1 T1,4(K) Diameters(mm) 

1 10 0.1 300 3 

2 20 0.05 300 3 

3 100 0.01 300 3 

 
Table 2  Initial conditions for different cases 

Cases P4/P1 P1 Diameters(mm) Wall conditions 

1 10 0.1 3 No slip 

4 10 0.1 1 No slip 

5 10 0.1 3 Slip 
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Fig. 4  Comparison between experimental and CFD waves 
locations at various time. (D=6mm) 

Validation 

A comparison between experimental results and CFD 
results was performed to validate the accuracy of present 
numerical simulations. The experimental data was taken 
from reference[14] where a micro shock tube model with 
6mm diameter was studied at diaphragm pressure ratio of 
6. The driver section was initialized at the pressure of 6 
atm, and the driven section was kept at atmosphere pres-
sure. Shock wave and expansion wave propagation 
curves were obtained as is shown in Fig. 4. SW and EH 
respectively represent shock wave and expansion head. 
As the expansion head did not touch the tube wall, the 
wave x-t diagram was obtained. Results show that ac-
ceptable deviations were observed except that more at-
tenuation happened in experimental study. This is due to 
much more viscous effects in real gas. In addition, the 
heat transfer happened between shock heated gas and 
tube walls also affected this deviation. Walls are assumed 
to be adiabatic and kept the constant temperature of 
300K in CFD simulation. Therefore, numerical simula-
tions used for the present study can predict flow charac-
teristics in shock tubes.   

Results and Discussions 

Different initial driven pressures were used to study 
the shock wave propagation as is shown in Table 1. As 
expansion waves did not reach the end wall in driver sec-
tion, pressure histories along the axis were obtained for 
three cases as is shown in Fig. 5. Shock wave gradually 
attenuated as it moved in the shock tube, which can be 
seen from the decrease of shock wave strength. This re-
sults from viscous effects, the friction between shock 
wave front and tube walls and the boundary layer forma-
tion behind the shock in micro shock tube. At the same 
time the location of shock wave is much further at di-
aphragm pressure ratio of 100 compared to that at diaph-
ragm pressure ratios of 10 and 20. This indicates that as 
the pressure ratio increases, the shock wave velocity also 
increases, which has a good agreement with the theoreti-
cal results from Eq. (1). 

The distributions of pressure gradient of flow in front 
and after shock wave calculated from Eq. (6) are shown 
in Fig. 6. As the shock wave moved through the driven 
section, the pressure gradient gradually decreased. This 
mainly results from that shock wave strength decreased 
and the distance of pressure change across shock wave 
increased. At the beginning, the pressure gradient is rela-
tively high, which is attributed to smaller distance of pre-
ssure change across shock wave. After shock wave moved 
a certain time, the change of pressure gradient becomes 
small. This change can be regarded as linear change. 

 

 
 

Fig. 5  Pressure histories along axis at different diaphragm 
pressure ratios (D=3mm) 

 

Reynolds number distributions in the region between 
shock wave and contact surface were obtained at differ-
ent diaphragm pressure ratios as is shown in Fig. 7. The 
density, velocity and dynamic viscosity of the flow 
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changed as the shock wave and contact surface moved 
through the driven section. Reynolds number increases at 
these three cases mainly due to the flow velocity gradu-
ally increases in this region. In addition, the flow density 
also increases. Reynolds number is much less at the 
pressure ratio of 100 due to the lower density compared 
to other two cases. The low density is caused by the low 
driven pressure at the high pressure ratio in the micro 
shock tube.  

The distributions of scaling parameter S values calcu-
lated by Eq. (4) at different diaphragm pressure ratios are 
shown in Fig. 8. As the shock wave moved through the 

 

 
 

Fig. 6  Pressure gradient of the flow in front and after of shock 
wave for different cases (D=3mm) 

 

 
 

Fig. 7  Reynolds number distributions for different cases 
 

 
 

Fig. 8  S value distributions for different cases. 

driven section, the S value decreased due to that the dis-
tance L used in the scaling parameter S between the 
shock wave and contact surface became larger. S values 
at the pressure ratio of 10 are much higher due to higher 
Reynolds numbers than that at diaphragm pressure ratios 
of 20 and 100. 

A smaller S value indicating that effects of the scale 
are more obvious on shock wave propagation demon-
strates that much more attenuation happened in micro 
shock tubes. In the present case, lower S values were 
obtained at lower driven pressure. This indicates that S 
value also indicate effects of the low driven pressure in 
micro shock tubes. 

Temperature contours of the flow in front of and after 
contact surface indicating the thickness of boundary layer 
are given in Fig. 9. A thicker boundary layer was ob-
tained at diaphragm pressure ratio of 100 compared to 
that at diaphragm pressure ratios of 10 and 20. This re-
sults from the low pressure in the driven section for the 
case of high pressure ratio. This also indicates that the 
rarefaction caused by low pressure is more obvious in the 
case of low driven pressure in micro shock tubes. The 
boundary layer affects shock wave propagation with 
much more dissipation and viscous loss at lower driven 
pressure in micro shock tube. This makes the shock wave 
experience more attenuation. From contact surface loca-
tions, the contact surface at diaphragm pressure ratio of 
100 propagated faster compared to that at diaphragm 
pressure ratios of 10 and 20. Based on Eq. (2), as the 
diaphragm pressure ratio increases, Mach number of the 
contact surface also increases.  

The distributions of shock wave and contact surface 
velocity at different shock tube diameters are shown in 
Fig. 10. The distance L used to calculate the scaling pa-  

 

 
 

Fig. 9  Temperature contours for different cases at t=0.03ms 
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Fig. 10  Velocity distributions of shock wave and contact sur-
face for different shock tube diameters. 

 
rameter S can be obtained. The shock wave velocity 
gradually decreased in both cases. This also indicates 
much stronger shock wave attenuation happened in the 
shock tube of smaller scale. The contact surface velocity 
gradually increased due to the boundary layer formation. 
Boundary layers near walls developed behind the shock 
wave, which makes the contact surface propagation sim-
ilar to the contact surface moves through a nozzle that 
accelerates the contact surface. The shock wave velocity 
decreased faster at tube diameter of 1mm compared with 
that at tube diameter of 3mm, but the contact surface 
velocity increased in the shock tube of smaller diameter. 
This is mainly due to a thicker boundary layer developed 
behind the shock caused by effects of the scale in the 
shock tube of smaller diameter. 

The distributions of scaling parameter S values at dif-
ferent shock tube diameters are shown in Fig. 11. As the 
shock wave moved in micro shock tube, the S value de-
creased due to that the distance L became larger. S values 
at the tube diameter of 3mm are much higher than that at 
the tube diameter of 1mm due to higher Reynolds num-
bers caused by larger diameter in the shock tube of 3mm 
diameter. From the theoretical Eq. (4), it is well known 
that as S value decreases, the effect of S value on calcu-
lating density ratios becomes more prominent. A smaller 
shock tube diameter and a lower pressure in driven sec-
tion can make smaller S values that show expected ef-
fects of the scale. 

Different wall boundary conditions were used to study 
the shock wave and contact surface propagation as is 
shown in Table 2. The locations of shock wave and con-
tact surface are obtained as an x-t waves diagram in Fig. 
12. SW represents shock wave, and CS is contact surface. 

Shock wave at slip wall boundary condition propa-
gated much faster than that at no slip boundary condition. 
This is due to the flow slipping near the wall for the slip 
case reduces friction effects between shock front and 
tube walls. In addition, the formation of boundary layer 
leads to much more attenuation at no slip boundary con- 
dition. The contact surface at no slip boundary condition 

 
 

Fig. 11  S value distributions for different tube diameters 
 

 
 

Fig. 12  Shock wave and contact surface locations for different 
wall boundary conditions 

 
propagated faster compared to that at slip wall boundary 
condition. This results from that a thicker boundary layer 
developed in the region between the shock wave and 
contact surface at the no slip case, which accelerated the 
contact surface. 

The axis velocity contours at different wall boundary 
conditions are shown in Fig. 13. Case1 is for no slip wall 
case and case 5 is for the slip wall case. Obviously thick 
boundary layer developed behind the shock wave at no 
slip wall boundary condition, but this is no velocity jump 
in the radial direction at slip wall boundary condition. In 
the boundary layer, the velocity of the gas increases from 
zero near the wall to the maximum velocity of the flow. 
Based on shock wave locations, the shock wave propa-
gated much faster at the slip case compared to that at no 
slip case. This is due to that there is an added velocity on 
the flow at slip case. In addition, another reason is that a 
turbulent boundary layer causes a larger momentum loss 
of the gas and leads to the rapid decay of the shock wave 
strength at no slip case. 

Conclusions 

Numerical simulations have been carried out to invest- 
tigate the propagation of shock wave and contact surface  
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Fig. 13  Axial velocity contours for different wall boundary 
conditions at t=0.03 ms 

 
boundary layer effects and effects of the scale were also  
studied. Results show that the initial diaphragm pressure 
ratio influences the shock wave and contact surface 
propagation. As the diaphragm pressure ratio increases, 
the shock wave strength and the contact surface propaga-
tion also increase. Shock wave gradually attenuates as it 
moves through the driven section, which results from the 
viscous effects, friction between shock front and tube 
walls and the boundary layer development in micro shock 
tubes. A thicker boundary layer that produces much more 
loss in flow momentum and shock wave propagation was 
also observed at a lower driven pressure in the micro 
shock tube. The pressure gradient of flow in front of and 
after shock wave increases as the diaphragm pressure 
ratio increases. The pressure gradient gradually decreases 
as shock wave moves in the shock tube due to the shock 
wave strength gradually decreases and the distance of 
pressure change across shock wave increases.     

Much stronger attenuation resulting from viscous 
boundary layer formation and effects of the scale in 
shock wave propagation happens in the shock tube of 
smaller scale. Present results also show that the scaling 
parameter S can indicate effects of the micro scale and 
low pressure on shock wave propagation. The slip wall 
boundary condition was simulated by using Maxwell’s 
slip condition. The utilization of slip wall boundary con-
dition reduces the boundary layer effects and promotes 
shock wave propagation. In the future, an experimental 
study will be performed to validate the present theoretical 
conclusions and numerical results. 
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